A prototype system for feedback control of wall turbulence is developed, and its performance is evaluated in a physical experiment. Arrayed micro hot-film sensors with a spanwise spacing of 1 mm are employed for the measurement of streamwise shear stress fluctuations, while arrayed magnetic actuators of 2.4 mm in spanwise width are used to introduce control input through wall deformation. A digital signal processor with a time delay of 0.1 ms is employed to drive the actuators based on the sensor signals. The driving voltage of each actuator is determined with a linear combination of the wall shear stress fluctuations at three sensors located upstream of the actuator, and a noise-tolerant genetic algorithm is employed to optimize the control parameters. Feedback control experiments are conducted in a fully-developed turbulent air channel flow at the Reynolds number of Re τ = 300. It is found that about 6 % drag reduction has been achieved in a physical experiment for the first time. Through turbulent statistics measurements with LDV, it is also found that the Reynolds shear stress close to the wall is decreased by the present control scheme. A conditional average of a DNS database is also made to extract coherent structures associated with the present control input. It is shown that the wall-deformation actuators induce a wall-normal velocity away from the wall when the high-speed region is located above the actuator.
Introduction
In the last decade, feedback control of wall turbulence has attracted considerable attention due to its potential for large drag reduction with minimum energy input (1) - (4) . For instance, Bewley et al. (5) demonstrated in their direct numerical simulation (DNS) that a turbulent channel flow at Re τ = 100 can be relaminarized by using the optimal control based on the state information in the entire flow domain. In order to realize such a control system, coherent structures such as the near-wall streamwise vortices, which are responsible for the regeneration cycle of turbulence and wall skin friction, must be detected by wall sensors and selectively manipulated by the motion of actuators mounted on the wall. Figure 1 shows a schematic of such systems with rows of arrayed sensors and actuators. Although the spatiotemporal scales of the coherent structures are typically very small, recent developments in microelectromechanical systems (MEMS) technology have made it possible to fabricate flow sensors and mechanical actuators on the submillimeter scale (6) .
In most previous DNS studies for feedback control of wall turbulence, an infinite number of sensors and actuators have been assumed and their volumes have been neglected. On the other hand, Endo et al. (7) carried out a direct numerical simulation of a turbulent channel flow in which arrayed wall shear stress sensors and wall-deformation actuators of finite spatial dimensions were assumed. They propose a realizable control algorithm with spatial gradients of the wall shear stresses based on physical arguments of near-wall coherent structures. They obtained a drag reduction of 12 % by attenuating the near-wall streamwise vortices. Thus, in the present study, wall deformation is chosen as the actuator principle among various types proposed for flow control, such as flaps (8) - (10) , synthetic jets (11) , and non-thermal plasma (12) .
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It is well known that the spanwise wall shear stress is useful for the state estimation of the wall turbulence and thus the feedback control (e.g., Lee et al. (13) ). However, Yoshino et al. (14) found that the use of V-shaped hot-film wall shear stress sensor for the measurement of the spanwise component results in significant measurement error due to the spanwise gradient of the streamwise wall shear stress (15) . Therefore, control scheme based on the streamwise wall shear stress is preferable. Morimoto et al. (16) employed genetic algorithms (GA) to develop a simple feedback scheme based on the streamwise wall shear stress, and obtained drag reduction by using local wall blowing/suction. Their findings encourage the authors to employ the streamwise wall shear stress as the sensor input of the feedback control loop. Although various feedback control schemes are developed and assessed using DNSs of turbulent channel flows, very few attempts have been made for the development of feedback control systems in physical experiments. Ho et al. (17) developed a fully-integrated control system with 18 micro shear stress sensors, three micro flap actuators, and driving circuits for the sensors/actuators on a 1 cm×1 cm Si die. However, the fabrication yield remained low and the control effect on the skin friction was not examined. Rathnasingham & Breuer (18) made a control system using two rows of three wall-mounted hot-film sensors and a single row of three synthetic jet actuators in between. They employed a linear feedback control scheme and obtained up to 30 % reduction of the streamwise velocity fluctuations. However, the number of the devices proved insufficient to demonstrate a net drag reduction. Rebbeck & Choi (19) develop a feedback control system with a single hot-wire sensor and a single blowing/suction actuator. They apply blowing to the sweep events detected by a VITA method (20) , and examine the control effect on the conditional-averaged flow field. Therefore, in previous laboratory experiments on feedback control of wall turbulence, no drag reduction has been achieved. The objectives of the present study are to develop a prototype of a feedback control system with arrayed micro hot-film wall shear stress sensors and wall-deformation magnetic actuators, and to evaluate its drag reduction performance in a turbulent air channel flow. Figure 2 shows a prototype control system, which consists of four rows of 48 hot-film sensor arrays with a spanwise spacing of 1.06 mm and three rows of 16 wall-deformation magnetic actuators with a spanwise spacing of 3.2 mm. A turbulent air channel is employed for the evaluation of the proposed feedback control system (Fig. 3) . The cross section of the channel is 50 × 500 mm 2 , and the test section is located 80 H downstream from the inlet, 
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Vol.3, No. 1, 2008 An air cavity with 200 μm depth is formed underneath the diaphragm for reducing thermal conduction loss to the substrate. Another platinum resistor for a temperature sensor is made on the substrate for compensation of ambient temperature change as described later. Each sensor is driven with a constant temperature circuit ( Fig. 4b ) and kept at about 60 • C higher than the ambient temperature. Nominal resistance of the hot-film and the temperature sensor is R h = 360 Ω and R r = 3.4 kΩ, respectively. Figure 5 shows the power spectra of the streamwise wall shear stress τ w measured in the present turbulent channel at Re τ = 297. The power spectra measured with the present sensor are in good agreement with the DNS data (21) at f + = 0.005, but the gain of the present sensor is decreased with increasing the frequency. At f + = 0.055 ( f = 170Hz), the measurement data have dropped by about 50 % compared with that observed from the DNS data (21) . However, since 90 % of the turbulent fluctuations are below 90 Hz under the present flow condition, the frequency response of the present sensor can be considered sufficiently high. The spanwise two-point correlation of τ w measured with the arrayed sensors is shown in Fig. 6 . The correlation exhibits a negative peak at Δz + ∼ 50, and is in good accordance with the DNS data (21) .
Therefore, it is conjectured that the near-wall coherent structures, which are the target of the feedback control, can be well captured with the present wall shear stress sensors.
As described later, the present experiment requires up to 1000 trials with different control parameters, and thus lasts continuously for more than ten hours. Moreover, the heat conduction loss to the substrate of the micro hot-film shear stress sensor is ten times larger than the heat transfer to the fluid (14) . Therefore, long-term drift due to the change of ambient temperature T a is of concern. In the present study, we propose an accurate temperature compensation method for the hot-film measurement with minimum drift. The heat transferred from the hot-film to the fluid ΔQ is given by
where h(τ w ), A, and ΔT are respectively the heat transfer coefficient as the function of the wall shear stress, the area of hot-film, and the temperature difference between hot-film T h and the ambient temperature T a . Since ΔQ is equal to the difference between the total heat and the 
Vol. 3, No.1, 2008 heat loss for stagnant fluid, ΔQ can be written as
where E and R h are the output voltage and resistance of the hot-film, respectively (Fig. 4b) . Quantities E 0 and R h0 are respectively the output voltage and the resistance of the hot-film for the stagnant fluid. For conventional constant temperature anemometry with the wheatstone bridge, both R h and ΔT are assumed constant, and the wall shear stress is determined based on a curve fitting between E and τ w for different flow velocities in the calibration procedure. The ambient temperature resistor R r (shown in Fig. 4 ) included in the bridge circuit is for temperature compensation, and the change in ΔT is minimized when the ambient temperature T a changes (22) . However, even if ΔT is kept constant, R h depends on T a ; R h can be expressed
where α and R h20 are respectively the temperature coefficient of the hot-film resistance at T a = 20
• C. Therefore, R h changes in response to a change in T a for constant ΔT . In the present study, in order to further decrease the dependency of τ w on T a , R h is assumed as a linear function of T a , i.e.,
where coefficient A and B can be determined by preliminary experiments for different T a at a constant velocity. The wall shear stress τ w is assumed to be a cubic polynomial function of ΔQ with coefficients a, b, c, and d, i.e.,
and
Here, T a0 is the ambient temperature for the stagnant fluid. The ensemble-averaged wall shear stress τ w determined with Eqs.( 5) and ( 6) for different T a is shown in Fig. 7 . When the conventional procedure with the assumption of constant R h is employed, the mean wall shear stress is increased by about 30 % for only 0.5 degrees change in T a . On the other hand, with the present temperature compensation method, the drift due to the ambient temperature change is markedly reduced and becomes one-fifth. Up to now, various actuation principle such as neumatic (23) , thermal (24) , and electrostrictive (25) are proposed for wall deformation. In the present study, we employ magnetic force for its rapid response and ease of fabrication. Figure 8 shows a schematic of the wall-deformation Fig. 7 Mean wall shear stress versus ambient temperature at Re τ = 300. 2008 magnetic actuator elongated in the streamwise direction. 0.1 mm-thick silicone rubber is used as an elastic membrane, on which a 0.5 mm-thick rare-earth permanent magnet is glued. A 250-turn miniature copper coil is used to deform the membrane with magnetic force. The dimensions of the membrane are chosen based upon the result of Endo et al. (7) , and are selected to be 2.4 mm (29 l + ) and 14 mm (169 l + ) in the spanwise and streamwise directions, respectively. Figure 9 shows the static response of the actuator. The wall displacement is a nonlinear function of the driving voltage, and the displacement at the center of the actuator becomes 100 μm (1.2 l + ) with a ±12 V voltage input. The membrane moves upwards with positive driving voltages, and downwards with negative voltages. Since the magnetic force is decreased with increasing distance between the magnet and the coil, upward displacement is smaller with the same absolute voltage. Figure 10 shows the dynamic response of the actuator for a sinusoidal driving voltage. The resonant frequency is 750 Hz for 10 V p-p signals with a maximum amplitude of 50 μm (0.6 l + ), which is equal to about 60 % of the root-mean-square value of the wall displacement fluctuations assumed in the DNS study by Endo et al. (7) , where 12 % drag reduction is achieved. A digital signal processor (DSP) system (MPC7410, MTT Inc.) with 224 analog input and 96 output channels is used as the controller of the present feedback control system. The output voltages of the constant temperature circuits of the hot-films are digitized with 14 bit A/D converters. The control signals for the actuators are computed with the DSP based on the sensor signals, and then converted back to analog signals using 14 bit D/A converters. The processing time of the DSP is less than 0.1 ms, and the repetition frequency of the control 
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Vol.3, No. 1, 2008 loop is 5 kHz, which is believed to be sufficiently high if compared with the characteristic time scale of the turbulence in the present channel flow.
The dynamic response of the control system is evaluated using a simple feedback scheme in which the actuator driving voltage E A is set to be proportional to the instantaneous wall shear stress fluctuations τ w . The deformation of the actuator is measured with a laser displacement meter (LC-2450, Keyence Inc.) through a glass window mounted on the top wall of the channel, while the DSP continuously updates the driving voltage of the actuator. The cross correlation of τ w and the actuator displacement Δy is decreased monotonically from the time delay of 0.1 ms (not shown here). Therefore, the dynamic response of the feedback loop is less than 0.1 ms including the processing time of the DSP.
Optimal feedback control base on genetic algorithm
After Morimoto et al. (16) , the driving voltage of each actuator E A is determined with a linear combination of the streamwise wall shear stress fluctuations τ i = (τ i − τ i ), i.e.,
where τ i is measured with the sensors located upstream of the actuator aligned in the spanwise direction. W 0 is the weight of τ i measured just upstream of the actuator, while W −1 and W 1 are the weights of τ i at a spanwise distance of Δz + = ±39 from the actuator. The streamwise distance between the sensor and the center of the actuator is 125 viscous units. Constant C is chosen as 4.2 in such a way that E A reaches its maximum value of ±12 V when W i=−1,0,1 and τ + i are respectively ±16 and 0.56. As described above, the actuators move upwards when E A is positive; downwards when negative.
The control variables W i are optimized in such a way that the mean wall shear stress τ j measured with three sensors at the most downstream location is minimized. The cost function J to be maximized, which equals the drag reduction rate, is defined by
Each W i is expressed with a five bit binary-coded string, which corresponds to a gene, and N individuals including a set of genes are made. A feedback control experiment using each individual, i.e., a different set of W i s, is independently carried out, and the cost function is calculated on line. Then, individuals having larger costs are statistically selected as parents, and offspring are made through a crossover operation. Finally, a mutation at a given rate is applied to all genes of the N individuals. Probabilities of crossover and mutation are respectively chosen as 0.4 and 0.01. The elite selection strategy is also adopted, so that gene having the maximum cost is always preserved. New generations are successively produced by repeating this procedure. The integration time ΔT is chosen as 20 s (ΔT + = 4 × 10 4 ), which is much longer than the characteristic time scale of the large-scale motion. The population size N and the number of generations are respectively chosen as 10 and 100. Thus, in total, 1000 trials with a different set of control variables are made out of 2 15 = 32768 possible combination of genes. Figure 11 shows the variation of the cost function J for 250 trials with the same set of W i , where each data point corresponds to the cost function for a single trial. When (W −1 , W 0 , W 1 ) = (0, 15, 0), the mean and rms value of J are respectively 0.019 and 0.012. On the other hand, when (W −1 , W 0 , W 1 ) = (0, −16, 0), the mean and rms values are respectively 0.028 and 0.012 (not shown here). Therefore, the bias error in J, which is due to the drift of the sensor output and the thermal cross-talk between sensors and actuators, can be estimated to be 2 %. The random error due to short-term temporal variation of air temperature is about 3 %. When the cost function has large random error, genes tend to stack at local maxima or spurious optimum points. Therefore, a noise-tolerant GA method proposed by Tobita et al. (26) is employed in the present study; seven out of a total of ten genes are determined with the procedure described above, and the remaining three genes are re-initialized with random numbers at each generation. Figure 12 shows the evolution of the cost function with the present GA-based optimal control scheme. The data are scattered over a wide range because of the genes with the random number introduced. As the generation proceeds, more genes provide large positive J corresponding to the drag reduction. At the 55th generation, J reaches the maximum value of 0.11. When the bias and random errors in J mentioned above are taken into account, it is reasonable to conclude that drag reduction of 6 %±3 % has been achieved in the present feedback control system. Large drag reduction is achieved when W 0 is large negative. With negative W 0 , the actuator moves upwards for negative shear stress fluctuations, which correspond to low-speed streaks. The optimum weight set is (W −1 , W 0 , W 1 ) = (−14, −14, −16).
Turbulent statistics above an actuator measured with LDV
The turbulent statistics above the feedback control system is measured with a three-beam two-component LDV system (55 × 612, Dantec Dynamics Inc.). The diameter of the beam is 1.35 mm and the focal length of the lens is 300 mm. The measurement volume is about φ160 μm × 3.5mm. Smoke particles of about 1 μm diameter, which are generated by the SAFEX fog generator (FOG 2010, Dantec Dynamics Inc.) are used as flow tracers. Figure 13 shows the turbulent statistics above the center of an actuator. In this particular measurement, only a single actuator is allowed to move according to the feedback scheme with the optimum gene. In order to avoid uncertainty for the wall elevation of measurement volume, the LDV probe was allowed to move after the turbulent statistics both for the manipulated and unmanipulated flows are measured. The wall friction velocity u τ and the wall elevation of the measurement volume of the LDV are estimated by fitting the mean velocity U in the near wall region with the profile of the mixing length model (27) . The experimental data for the unmanipulated flow are in good agreement with the DNS data (21) . When the feedback control is applied, the mean velocity profile and the rms values remain unchanged. On the other hand, the Reynolds shear stress close to the wall decreases (Fig. 13 c) . Figure 14 shows the near-wall Reynolds shear stress profile normalized with that for the
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Vol. unmanipulated case. By using a curve fitting of the present data, the drag reduction rate is computed with the FIK identity (28) , which describes the contribution of the Reynolds stress to the wall skin friction in a fully-developed flow. The resultant estimate for the drag reduction rate is found to be 0.65 %, which is much smaller than the data with the wall shear stress sensor. Nevertheless, the drag reduction is qualitatively confirmed through the present LDV measurement.
Flow structure near the actuators examined by a conditional average of a DNS database
Since optimum W i s are negative, actuators move downward when τ w is positive. However, it is not straightforward to interpret the effect of the proposed control scheme on the near-wall coherent structures. Thus, a conditional average of a DNS database (21) was made in order to examine the flow structure near the actuators. Since the wall deformation is much smaller than the thickness of the viscous sublayer, the deformed shape itself has little effect on the flow field. Instead, the wall-normal flow velocity induced by the wall motion can modify the flow field (7) . Therefore, as the measure of the wall velocity, q is defined as the time
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All the coefficients W i are set to be -1 based on the present optimization result, and τ + i at the point of z + = −36.7, 0, 36.7 is employed as the virtual sensor in the DNS. A fully-developed unmanipulated flow field at a single instant is employed for the conditional average. In order to calculate q, the instantaneous velocity fields of Δt + = ±3 are used. Strictly speaking, the wall velocity is not proportional to q due to the nonlinear response of the actuator, but it is believed that the conditionally-averaged field based on a large q should associated with large wall velocity. Figure 15 shows the velocity field in the x − y plane associated with q > q rms , which corresponds to the upward motion of the wall. Since W i is negative, positive q is associated with negative dτ w /dt, i.e., local deceleration at the detection point. Therefore, the internal shear layer with a small tilt angle toward the wall is clear seen. It is well known that the internal shear layer is formed by hairpin-like vortices (29) , and by the near-wall quasi-streamwise vortices tilted to the spanwise direction (30) . Figure 16 shows the velocity field in the cross-stream plane located at 100 viscous units downstream the detection point, where the center of the actuator is located. It is found that a sweep-like high-speed region is located near the wall, and the wall-normal velocity near the buffer layer is negative. Therefore, when q > q rms , the present control scheme induces the wall velocity to be 180 degrees out-of-phase with the wall-normal fluid velocity above the actuators. Although it is not shown here, the conditional sampling q < −q rms is also made, which corresponds to acceleration at the detection point and to the downward motion of the wall. It is found that the conditional-averaged structure is somewhat smeared out, and 
